Abstract: A polarization sensitive endoscopic optical frequency domain imaging (PS-OFDI) system with a motorized distal scanning catheter is demonstrated. It employs a passive polarization delay unit to multiplex two orthogonal probing polarization states in depth, and a polarization diverse detection unit to detect interference signal in two orthogonal polarization channels. Per depth location four electro-magnetic field components are measured that can be represented in a complex 2x2 field matrix. A Jones matrix of the sample is derived and the sample birefringence is extracted by eigenvalue decomposition. The condition of balanced detection and the polarization mode dispersion are quantified. A complex field averaging method based on the alignment of randomly pointing field phasors is developed to reduce speckle noise. The variation of the polarization states incident on the tissue due to the circular scanning and catheter sheath birefringence is investigated. With this system we demonstrated imaging of ex vivo chicken muscle, in vivo pig lung and ex vivo human lung specimens. 
Introduction
Optical coherence tomography (OCT) is an optical imaging technique which can acquire noninvasive high resolution cross sectional images in real time [1] . OCT imaging has been proven particularly effective for clinical diagnosis in ophthalmology [2] . The combination of OCT and endoscopy, namely endoscopic OCT, is a significant leap that broadens the application of OCT to hollow organs [3] [4] [5] . The recent development of endoscopic OCT towards smaller, faster and functional [6] [7] [8] [9] [10] [11] [12] and multimodal systems [13] [14] [15] [16] [17] , further provides clinicians with improved contrast for more comprehensive and accurate diagnosis.
Polarization sensitive OCT (PS-OCT) is an extension of conventional OCT that in addition to tissue structure can image tissue birefringence to provide extra tissue specifying information, making it a promising functional extension of conventional OCT [18] [19] [20] [21] [22] [23] [24] [25] [26] . Catheter based PS-OCT [27] is a relatively new area which encounters several challenges. One notable issue is how to mitigate the polarization state changes when light travels through an optical fiber in the rapidly scanning catheter [28] .
In this paper we demonstrate a polarization sensitive endoscopic optical frequency domain imaging (OFDI) system with a distal scanning miniature catheter. Structural and Jones matrix based phase retardation images are acquired of ex vivo chicken sample, in vivo pig lung and ex vivo human lung specimens. Technical issues such as complex field averaging and polarization state stability are also discussed in depth. The schematic of the endoscopic PS-OFDI system is shown in Fig. 1 . It is modified from the system demonstrated in our previous work [7] . A 99/01 coupler is added between the swept source (Axsun Technologies Inc., 1310nm 50kHz) and the interferometer to split a tiny portion of light to the fiber Bragg grating (FBG, O/E land Inc.). The FBG reflects at 1266nm, providing a phase stable A-line trigger to the data acquisition card (Alazar Technologies Inc., ATS9350). A passive polarization delay unit (PDU) similar to those reported by [29, 30] is added to the sample arm to multiplex two orthogonal incident polarization states in depth. With such multiplexing the effective imaging range is 2.5 mm, coming from the fact that the 5 mm ranging depth is multiplexed over two polarization states. We employed single mode fiber (SM28) throughout the system. The fiber length in the reference arm and the sample arm are matched within 1 centimeter range to minimize chromatic dispersion. The length of optical fiber and the electrical cable of the k-clock signal were carefully matched to eliminate the dispersion caused by the combination of a different propagation delay to the data acquisition board of these signals and the non-linear wavelength sweep.
Method

Experiment setup overview
The bulk-optic polarization diverse detection unit is replaced by a compact polarizationdiversity receiver module (NinePoint Medical, Cambridge, Massachusetts). The unit splits the reference and sample arm light into orthogonal components before interfering the sample and reference arm light The orthogonal interference channels are coupled into graded index multimode fibers (GI-50) to minimize the insertion loss [31, 32] . The wavelength-dependent splitting ratio of the micro-optic assembly is low, allowing for balanced-detection at relative high reference arm powers (Fig. 2) . A similar unit has been reported by Lee et. al [33] for fixing the variation of OCT image intensity due to the change of polarization states during imaging.
We quantified the flatness of the balanced spectra by a dimensionless ratio r. It has been demonstrated that polarization mode dispersion (PMD), i.e. the difference in the propagation characteristics of light waves with different polarization states, can cause blurring of the OCT structural image and can lead to significant artifacts in birefringence images [34] [35] [36] . Moreover, the so-called second order PMD has wavelength dependence [37] . The optical circulator is a known cause of PMD [35] . Thus we converted the reference arm from reflection-type to transmission-type to eliminate one circulator. We evaluated the PMD in the system by monitoring the evolution of the Stokes vector as a function of wavelength Half Maximum) in air, giving 11.7 m μ in tissue (n = 1.33). Zhang and Villiger introduced a 0.087 ps DGD to study the effect of DGD on polarization sensitive imaging [35, 36] , and concluded that a PMD smaller than the axial resolution was not a serious issue. Therefore PMD correction [35] or mitigation [38] was not included. The procedure for calibrating the polarization controllers prior to imaging was as follows: 1. Control the polarization controller in the reference arm to equalize the power received by detector H and V; 2. Connect the catheter into the sample arm, control the polarization controller before the PDU to equalize the power going into the two orthogonal incident states. Here the peak height of the reflection on the catheter surface is a good reference. In total four electric fields, the two multiplexed states mapped on the two detection channels ( 1,2 H and 1,2 V ), are recorded for each sampling point.
The motorized distal scanning miniature catheter is identical to the one described in [7] where different versions are available for animal and human use. A home-made motor driver drives the scanning at 3120 rpm, i.e. the B-scan rate is 52 fps.
Complex field averaging
In order to reduce speckle noise and improve the output of the polarization sensitive measurement, we explored a complex electric field averaging technique. Several averaging methods have been suggested previously, either on Jones matrices or Stokes vector, or other parameters that relate to birefringence [40] [41] [42] [43] [44] . A difficulty lying at the core of field averaging techniques is the so called global phase [41, 45, 46] , which comprises the randomness of multiple sources of phase instability. Such sources include phase fluctuation in the reference and sample arms and the fact that photon scattering happens at arbitrary locations within the axial resolution, giving the reflected field an arbitrary phase. Recently we derived the exact form of the global phase for the determinant of the complex Jones matrix; however, the global phase determined from the determinant of the complex Jones matrix suffers from a π angle ambiguity which needs further treatment [46] . Therefore we developed an averaging approach where the field components are treated as phasors. The sum of the four complex field components of each pixel is aligned to the positive real axis prior to averaging. The angle Θ of the phasor sum 1
and the complex field components 1,2 H and 1,2 V are aligned by multiplying with e i − ⋅Θ . Figure   4 illustrates the concept of this method. Birefringence changes the relative angle between the field components, and therefore a key precondition is that the birefringence only slowly changes the relative phase angles among these complex field components over the averaging area, which is generally valid. After the alignment the same field components of the Jones matrix of neighboring pixels share similar phase angles. A field averaging relatively local in both the axial and lateral direction can be performed to improve the SNR of the measured fields. The ability to average field components provides more flexibility later on, e.g. to have a higher degree of averaging for the surface of the tissue to achieve a more reliable reference surface state for the tissue birefringence calculation. and after (b) phasor alignment. The grayscale ranges from -π to + π It is clearly seen that before the alignment the phases are totally random while after the alignment the phases have only slow variation due to tissue birefringence.
To demonstrate the effect of global phase correction the phasor method was applied to a measurement of fresh chicken. Figure 5 shows images of the phase angle of the four electric phasors before and after applying the global phase correction. It is clearly seen that after the alignment the global randomness of the phases is eliminated, leaving only the effect of tissue birefringence.
The phasor sum alignment approach is similar to the ones proposed by Yasuno [41] and Braaf [43] , except that we do not define a moving kernel and not choose a reference pixel with highest SNR. The alignment is applied once to all pixels.
Image processing algorithm
The data from horizontal (H) and vertical (V) detectors are processed frame by frame. The mean trace of 960 A-lines composing a single frame is firstly subtracted from each trace to remove DC background and fixed pattern noise and a cosine tapered window is applied. To compensate chromatic dispersion, the required phase function was determined from the reflection signal on the surface of the catheter sheath beforehand and applied here. The 1024 points trace is then lengthened to 4096 points by zero padding and Fourier transformed into an A-line. The positive frequency part of the A-line is divided in the middle to separate the two incident polarization states. Since this does not guarantee pixel-to-pixel alignment of the two states, a cross correlation is applied to calculate the mismatch and a circular shift is applied to the second field to correct the mismatch. The surfaces of the catheter are searched based on their geometrical feature. Then the random phase correction and field averaging as described above were implemented.
To determine the round trip retardation of the tissue, we use the Jones formalism that has been widely used [47, 29, 30, 44, 45] . The incident field matrix The surface of the catheter is chosen as the reference surface to determine electric fields at the surface of the sample. 6x6 points field averaging is applied for the whole image, while 10x6 points averaging (lateral x axial) is applied for the reference surface. The structural OCT image is processed with the determinant method described earlier in [46] for better SNR, plus a 4x4 median filter to reduce speckle noise.
Change in incident polarization state
With the polarization sensitive detection unit and the above stated sample surface referencing method, we expect that the change in incident polarization state during imaging is not an issue for both the intensity image and the birefringence image. Nevertheless, we quantified the changes of the surface polarization state to compare it with the proximal scanning catheter [48] . For both the inner and outer surfaces of the catheter sheath, the Stokes parameters Q, U and V of the two incident states are recorded for a full B-scan. The results are shown in Fig. 6 . The surface polarization states for the inner and outer surface of the catheter sheath differed significantly. First of all, the fiber in the sample arm is static during scanning (Fig. 7) . Therefore the polarization state changes with respect to the inner surface reflection must be attributed to birefringence changes that are caused by the change of the orientation of the reflective mirror mounted on the motor. The phase shift between two polarization states reflected from a metallic surface is a well-known effect [49] . The amount of phase shift depends on the complex refractive index of the surface substrate of the mirror, the incident angle of the beam, and the relative angle of the polarization plane with reference to the mirror. Maximum difference of the phase shifts occurs when the beam is incident at 45 degree, which approximates the situation in our catheter. However, the azimuthal scanning of the mirror constantly alters the relative angle of the two polarization planes for the beam coming out of the GRIN. Consequently a variation emerges for the polarization states measured at the inner surface of the catheter sheath. For the outer surface of the sheath, a certain amount of birefringence of the Pebax material must be added into the model, together with the above stated phase shift resulting in a variation that draws a bigger loop on the Poincare sphere. For endoscopic imaging the outer surface of the sheath usually is in contact with the tissue, causing refractive index matching condition. Therefore the Fresnel reflection from the outer surface is usually weaker than that from the inner surface. This could be a practical reason for using the inner surface as the reference surface for determining tissue birefringence [44] . However, as we can see above, the catheter sheath itself can have considerable birefringence. Accordingly using the inner surface risks from introducing artifacts to the tissue retardation measurement. The use of the outer surface will not suffer from the catheter sheath birefringence. Moreover, we measured empirically 40 dB and 36 dB SNR at the inner and outer surfaces in one of our experiment where the catheter closely contacted with human bronchus tissue, which suggests the SNR difference is not crucial. Hence we always choose the outer surface as the reference surface, combined with field averaging to improve the SNR of the surface polarization states.
Results
Before carrying out animal test, we first verified the system by imaging a fresh chicken sample. The sample was covered by cling film and wrapped around the catheter. It contains both muscles and tendons. Figure 8 shows the intensity image and phase retardation images with and without prior complex field averaging. It can be observed that the averaging does reduce the speckle noise and improve the visibility of the image. The averaging procedure was implemented in all subsequent images. An in vivo imaging test with live pig was then conducted (Fig. 9) . The entire system was built in a mobile cart and transported to the animal operation room. The pig was anesthetized and imaged by bronchoscopy. The OFDI catheter was inserted through the biopsy channel of the bronchoscope and images were acquired with manual pull-back at a speed of approximately 1 mm/s. Layered structure, which mainly consists of the layers of epithelium, lamina propria, cartilage and sub mucosa, can be visualized on the structural OFDI image. Meanwhile the phase retardation image indicates regions with strong birefringence. The images acquired in ex vivo human bronchi specimen provide similar information (Fig.  10) . For this test, the system was transported the autopsy room in the university hospital. The catheter reserved for human research was used. Lung specimens were obtained from a 67-year old female with no recorded lung diseases. Several specimens were imaged on site. The manual pull-back speed was also about 1 mm/s. To further understand the structural image and pinpoint the tissue that exhibit strong birefringence, histology is necessary, which was not available for the imaged section. 
Conclusion
In this study a polarization sensitive optical frequency domain imaging system with distal scanning endoscopic catheter is demonstrated. Technical aspects including balanced detection, polarization mode dispersion, and variation of incident polarization states are characterized. In order to reduce speckle noise and improve quality of phase retardation measurement, a complex field averaging approach was adopted. This approach is relatively simple and takes effect globally for the whole data set. Biological samples such as ex vivo chicken, in vivo pig bronchus and ex vivo human lung specimens are scanned for both structural and phase retardation images. The phase retardation images show correspondence, indicating strong birefringence exists in certain layers in bronchus tissue. To understand such correspondence in depth, further investigation with histology correlation is needed. Nevertheless, we believe the polarization sensitive endoscopic optical frequency domain imaging will open up a new route in image based diagnosis of lung disease.
